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RECOVERY OF BENTHIC MARINE COMMUNITIES FROM THE END-PERMIAN MASS EXTINCTION AT THE LOW LATITUDES OF EASTERN PANTHALASSA
Abstract: Based on the quantitative community analysis using species-level identifications, we track the restoration of benthic ecosystems after the end-Permian mass extinction throughout the Lower Triassic of the western USA. New data on the palaeoecology of the Thaynes Group and Sinbad Formation are provided, which fill a gap between the recently studied palaeoecology of the Griesbachian-Dienerian Dinwoody Formation and the Spathian Virgin Formation. In the Sinbad Formation and Thaynes Group, 17 species (12 genera) of bivalves, 7 species and genera of gastropods and 2 species and genera of brachiopods are recognized. The new bivalve genus Confusionella (Pteriidae) is described. A comprehensive review of the whole Lower Triassic succession of benthic ecosystems of the western USA indicates that midand inner shelf environments show incipient recovery signals around the Griesbachian-Dienerian transition, during the Smithian and, most profound, during the early Spathian. Ecological data from youngest strata of the Dinwoody Formation as well as stratigraphic ranges of species suggest that the late Dienerian was likely a time interval of environmental stress for benthic ecosystems. Despite some evidence for short-term environmental disturbances (e.g. shift of dominant taxa, transient drop in alpha-diversity) during the Smithian-Spathian transition, benthic ecosystems did not show any notable taxonomic turnover at that time, in contrast to the major crisis that affected ammonoids and conodonts. Whereas alpha-diversity of benthic communities generally increased throughout the Early Triassic, beta-diversity remained low, which reflects a persistently wide environmental range of benthic species. This observation is in accordance with a recently proposed model that predicts a time lag between increasing within-habitat diversity (alphadiversity) and the onset of taxonomic differentiation between habitats (beta-diversity) during biotic recoveries from mass extinction events. The observation that beta-diversity had not significantly increased during the Early Triassic might also provide an explanation for the comparably sluggish increase in benthic diversity during that time, which has previously been attributed to persistent environmental stress. (Hofmann et al. 2013a, b) . The Lower Triassic of the western USA provides one of the best records of Early Triassic benthic ecosystems worldwide, which facilitates tracing benthic recovery from the end-Permian mass extinction through different time slices, represented by comparable sets of habitats from the same palaeogeographical region. In previous papers (Hautmann et al. 2013; Hofmann et al. 2013a, b) , we re-evaluated the taxonomy and palaeoecology of the Griesbachian-Dienerian and the Spathian faunas from the western USA. Here, we add data on Smithian -early Spathian benthic palaeocommunities of the same region. Collectively, these data allow us to draw a complete picture of the recovery of benthic marine ecosystems at the eastern Panthalassa margin. We thereby address the question of intrinsic and extrinsic controls of recovery and test a previously proposed model (Hofmann et al. 2013b ) on changes in diversity partitioning during rediversification after major diversity depletions.
GEOLOGICAL AND STRATIGRAPHICAL SETTING OF THE THAYNES GROUP AND THE SINBAD FORMATION
The Thaynes Group is today exposed over an area stretching from southern Wyoming, eastern and central Idaho, Utah and north-eastern Nevada. It represents a relatively shallow epicontinental marine embayment of the eastern Panthalassa Ocean (Fig. 1) . The Thaynes Group reaches a thickness of about 1000 m in its depot centre (western Utah and south-eastern Idaho, own observation HB) and pinches out towards the south, east and west. The Thaynes Group records generally epicontinental open marine deposits composed of alternating shale, marl, siltstone and limestone (Figs 2, 3A) . These strata result from a major transgression reaching its maximum extent during the late Smithian (Collinson and Hasenmueller 1978; Carr and Paull 1983; Paull and Paull 1993) . Lucas et al. (2007) proposed raising the Thaynes Formation to Group status in which he also included shallow and marginal marine deposits of the Sinbad and Virgin Formation (Fig. 2) . However, as already noted by Hofmann et al. (2013b) , the typical lithologies of both formations are exclusively developed in southern Utah where they are easily recognized within the Moenkopi Group (as proposed by Poborsky, 1954 , and endorsed by Lucas et al. 2007) . To retain nomenclatural consistency with respect to the Sinbad Formation and the Virgin Formation, we follow Lucas et al. (2007) and refer to the Thaynes Group for clearly marine Lower Triassic strata of the Confusion Range, and we extend its use into the Pahvant Range and Mineral Mountains. The Sinbad Formation of southern Utah is mainly composed of bioclastic limestones, calcareous sandstones and dolomites deposited in inner shelf and marginal marine settings. It roughly delineates the maximum coastal onlap of marine strata during the Smithian in southern Utah. Smithian outcrops in Utah generally contain abundant fossils, but no detailed regional biostratigraphic zonation has been proposed for this substage. All previous dates obtained from macrofossils are based on ammonoids with the twofold subdivision suggested by Kummel and Steele (1962) : the Meekoceras gracilitatis Zone and the Anasibirites kingianus Zone, in the ascending order. However, Brayard et al. (2009) and Stephen et al. (2010) recently demonstrated that these zones represent only the middle and late Smithian and can be subdivided into more precise different subzones and beds. Based on new ammonoid faunas, older Smithian deposits also occur within some restricted areas. Therefore, we use a new ammonoid biozonation (Fig. 3B; Brayard et al. 2011 Brayard et al. , 2013 .
FIELD LOCALITIES AND METHODS
Fieldwork was conducted in October 2009 (by RH, AB, KB, JJ) in the area of the Pahvant Range and the Confusion Range. In June 2011, we (RH, MH, AB, JJ, KB, EV, NO) investigated sections in the Mineral Mountains, the San Rafael Swell and the Torrey area (see Table 1 for detailed geographical information). Bed-by-bed logging was carried out at five sections of the Thaynes Group and two sections of the Sinbad Formation. Fossils were collected from discrete limestone and calcareous sandstone beds by mechanically decomposing large blocks and quantitative sampling for identifiable specimens. In shale intervals, fossils were representatively sampled by collecting from float material. If necessary, standard invertebrate preparation techniques were carried out to facilitate systematic examination. Beds showing evidence of reworking (e.g. notable size sorting, gradation and strong fossil abrasion) were not included in the analysis. Sampling of each bed was conducted until more than 100 specimens were obtained or until additional collecting did not result in finding new taxa. However, some outcrop conditions did not allow for comprehensive sampling.
Sedimentological analysis was mainly based on macroscopic criteria in the field. Taxa recognized herein include bivalves, gastropods and brachiopods. Abundance data of the samples were analysed with PAST, version 2.17c (Hammer et al. 2001) , using unweighted paired group Qmode cluster analysis. The Morisita index of similarity (Morisita 1959) was used as distance measure, which has been recommended for palaeoecological data (Hammer and Harper 2006) . This procedure has been applied successfully in Hofmann et al. (2013a, b) to detect recurrent assemblages of taxa in comparable data sets. All subclusters and respective samples with a Morisita similarity approximately higher than 0.4 were pooled into associations (Aberhan 1992). These new species-abundance data were then used to compute ranked species abundance, trophic nuclei, ecological pie charts and rarefaction analysis. The trophic nucleus is represented by those species that contribute to at least 80 per cent of total specimen number per association (Neyman 1967) . Taxonomic evenness of samples is given as dominance index D as obtained from PAST (Hammer et al. 2001) .
Diversity partitioning is analysed at the withincommunity level (alpha-diversity) and betweencommunity level (beta diversity). Sepkoski (1988) defined alpha-diversity as the species richness in a single locality or sample. Alternatively, Whittaker (1972) understood alpha-diversity as the number of species in a given area or community. Sample richness (alpha-diversity sensu Sepkoski 1988), is herein referred to as species richness (of a sample). Cluster analysis was used to reconstruct communities based on recurrent associations of species. Accordingly, we use alpha-diversity to describe the bulk diversity of merged samples that constitute an association as an approximation of a palaeocommunity. A single bed would represent an incomplete sample of such a palaeocommunity and, thus, would highly underestimate the alpha-diversity. Beta-diversity is a measure for the taxonomic differentiation between-community (beta-diversity) level, following the original concept of Whittaker (1972, 1977) . Some subsequent studies used sample diversity rather than community diversity as 'alpha-diversity' (Bambach 1977; Sepkoski 1988) , which has the advantage that it does not depend on the somewhat subjective identification of recurrent assemblages and (probably more important) that it is much less timeconsuming. However, sample diversity is also subjective in the sense that it represents a random fraction from the bulk of palaeontologically identifiable organisms in the palaeocommunity/association, depending on the local conditions at the given sampling point. Additionally, sample or point diversity does not represent a natural ecological entity, as the community does. We therefore prefer using alpha-diversity in the original sense, and we minimalize the subjective aspect of palaeocommunity identification by combining cluster analyses of palaeontological samples with sedimentological data for habitat discrimination. However, sample diversity is additionally discussed in the analyses of temporal and spatial trends. Our basic measure of alpha-diversity is species richness, whereas beta-diversity (between associations/habitat diversity) is measured by the mean minimum beta-diversity approach proposed by Hofmann et al. (2013a) . Data for this paper, including an Excel file with data sheets showing the full lists of species occurrences, associations and computed alpha-and beta-diversities, are available in the Dryad digital repository (Hofmann et al. 2013c 
AGE AND SEDIMENTARY ENVIRONMENTS OF THE INVESTIGATED SECTIONS

Confusion Range
The sampled part of the Disappointment Hills sections includes strata of the Smithian (DH-1, Fig. 4A ) and the lowermost Spathian (DH-3, Fig. 4B ). Some fossil specimens included in the systematic analysis come from a sampling point called DH-2B of the Disappointment Hills locality. Here, strata are poorly exposed, but ammonoids suggest an early-to-middle Smithian age. The base of the section DH-1 is composed of cherty limestones of the Middle Permian Gerster Formation. The transition to the Triassic is complex. Discontinuous upper surfaces of limestone beds and the presence of breccias, conglomerates and some poorly exposed red beds suggest a complex history of episodes with emersion, erosion and nondeposition. The age of the massive calcarenites above the Permian hiatus is uncertain, but these beds may correspond to Lower Triassic strata. Above this interval, the section DH-1 is mainly composed of olive-to-brown shales and marls alternating with fossiliferous packstone and grainstone beds. Abundant ammonoids allow a precise correlation with Smithian ammonoid zones (Fig. 3) . The shale intervals (Fig. 5A ) were deposited out of suspension in quiet waters of the outer shelf region. The packstone-and grainstone-associated facies are indicative of storm-induced conditions deposited around the mid-/ outer shelf transition as evidence for active wave reworking (e.g. cross-bedding, ripple cross-lamination) is absent. The overall presence of ammonoids in the section indicates an open marine setting. A covered shaly interval with an estimated thickness of about 50 m separates sections DH-1 and DH-3. The latter section is mainly composed of laminated greenish shales with thin mudstone beds. The section is topped by a series of medium-bedded bioclastic limestone beds ( Fig. 5B ) with large bivalves of the genus Eumorphotis, which are frequently observed in life position. These beds are widespread in the study area and mark the transition to the Spathian as they characteristically occur between the youngest Smithian and the oldest Spathian (Bajarunia confusionensis beds, Guex et al. 2010) ammonoid zones (Fig. 3) . They typically consist of bioclastic grainstone and rudstone and are intercalated with thin marlstones. These beds are poorly sorted and show no evidence of gradation. We suggest that they represent proximal storm deposits, which were colonized by large epifaunal bivalves during quiet phases. Accordingly, they most likely represent deposits of the middle shelf, between the mean fair weather wave base and the storm wave base. The same type of deposits are also recorded in the section at Cowboy Pass section (CP; Fig. 4D ) and is herein used as a marker that allows for a continuous correlation of the Thaynes Group throughout the Confusion Range. At Cowboy Pass, the ensuing interval is characterized by red and purple siltstones and claystones, which are interbedded with some thin beds of packstone and grainstone (Fig. 5C ). Some levels that exhibit ripple cross-laminated fine-grained sandstones showing some mud drapes suggest deposition in marginal marine and probably tidally influenced settings. The absence of stenohaline organisms such as crinoids and brachiopods, which both became abundant in Spathian deposits of the western USA (Schubert and Bottjer 1995; Hofmann et al. 2013b) , supports a restricted marginal marine setting. The first late early Spathian-aged ammonoid faunas (Guex et al. 2010) and first abundant crinoidal debris suggesting an open marine setting are observed further upsection (c. 100 m above the Eumorphotis beds). These beds did not yield abundant benthic fauna. The section continues with outer shelf marls and shales, which are very poorly exposed and, thus, were not further investigated.
Pahvant Range
The base of the section at Dog Valley (DV, Fig. 4C ) is composed of calcareous siltstones and marly mudstones (Fig. 5D ), which record early Smithian ammonoid faunas (Radioceras aff. evolvens beds). It is suggested that these strata record open marine conditions of a mid-to outer shelf setting. The overlying interval is composed of shales and marls indicative of an outer shelf facies. Overlying the shales and marls is an interval of compact marly and sandy limestones with abundant bedding-plane horizontal bioturbation, and occasionally, intercalated beds showing oscillation ripples (Fig. 5E ) are indicative of shallow water. The top of the section shows the same lithologies of alternating shale and storm-induced limestone beds as observed in the section DH-1, suggesting a mid-to outer shelf setting.
Mineral Mountains
The base of the section (MV, Fig. 6 ) is dominated by red beds of terrestrial and probable marginal marine origin (Fig. 7A ). The first thick carbonate complex is composed of limestone with brecciated horizons, microbial lamination and bird's-eye structures (Fig. 7B ), which are indica- (Fig. 3B ). 
Torrey area
In the area south of Torrey, the Sinbad Formation attains a thickness of about 30 m. Due to the inaccessibility of the lower part of the Formation, we focussed only on the upper 15 m (Fig. 8A) , which corresponds to the middle Smithian Owenites beds and the upper Smithian Anasibirites beds (Fig. 3B ). These mixed carbonate-siliciclastic deposits are characterized by crossbedding and tempestitic layers and are thus suggestive of inner and mid-shelf environments. Most samples were derived from intercalated, more fine-grained beds that were deposited between fair weather wave base and storm wave base. Hautmann and N€ utzel 2005). This also applies to much of the material described in this study, which is mainly preserved as internal and external moulds. An in-depth review of the systematic relationship is, thus, hardly possible with the material at hand, but we aimed for specieslevel identification whenever possible. Recent systematic studies of Early Triassic bivalves (Newell and Boyd 1995; Kumagae and Nakazawa 2009; Hautmann et al. 2011 Hautmann et al. , 2013 Wasmer et al. 2012) were used as a taxonomic framework for the palaeoecological analysis. Gastropod identification is essentially based on the study of Batten and Stokes (1986) , which is the only monographic synopsis of the Sinbad Gastropod fauna, and it covers all gastropod species recognized herein. However, supraspecific assignation of many Early Triassic gastropods remains problematic. A revision of taxa described from the Sinbad Formation is currently being carried out by AN. All specimens are housed in collection of Palaeontological Institute and Museum at the University of Z€ urich (PIMUZ). Other species. Pseudomonotis laczkoi Bittner, 1901b.
SYSTEMATIC PALAEONTOLOGY
Derivation of name.
Referring to the occurrence in the Confusion Range and the fact that it has been presumably confused with other genera (see discussion).
Diagnosis. Pteriid with suborbicular disc and variable obliquity ranging from infracrescent to retrocrescent. Anterior auricle small, triangular, differentiated from disc by auricular sinus; posterior wing well developed, narrow, distally extending far beyond posterior end of disc.
Remarks. The external shell features and the morphology of anterior auricle and posterior wing in particular are highly suggestive for Pteriidae (see diagnosis in Cox et al. 1969) . However, because the ligament system is unknown, there remains the remote possibility that the new taxon may alternatively belong to Pterineidae. However, this family is chiefly Palaeozoic, and no Early Triassic representatives are known. Although several older works figured material that clearly shows the generic characters described above (see synonymy below), the taxonomic affinity of these specimens has not been correctly recognized. They were commonly assigned to Pecten, Pseudomonotis or Aviculopecten, which at that time were understood in a much broader sense than today. With the possible exception of Kumagae and Nakazawa (2009), similar forms have not been reported in more recent studies on Early Triassic bivalves. The excellently preserved material of the Confusion Range gives a hint on the possible cause; the long posterior wing-like projection, which is suggestive of Pteriidae, is prone to mechanical destruction during even short transportation or moderate wave action. If this feature is absent, which is the case in many specimens observed herein (e.g. Fig. 10H -I), the almost equilateral disc resembles entoliids, which are quite abundant in Lower Triassic rocks (see synonymy for examples of possible misidentifications such as Scythentolium or Entolioides). Revised diagnosis. Confusionella with very regular, fine but distinct commarginal ribs. Radial ornament absent.
Material. Frequently recorded in all samples DH-1-0 to DH-1-9. The description is based on well-preserved specimens (PIMUZ 30686, 30685, 30682, 30681, 30683, 30684 Discussion. The specimens from the Confusion Range agree very well with features of L. xijinwulanensis Sha, 1995 from the Early Triassic of western China. Most notably, the characteristic ornamentation with comparably few widely spaced and pronounced radial ribs is virtually indistinguishable from the material figured by Sha (1995) and Sha and Grant-Mackie (1996) . Wasmer et al. (2012) reported the same species from the Spathian of Pakistan and noted a variety of morphological features, which further lends support to the species identification of the material presented herein. Sha (1995) figured some specimens of Leptochondria, which he assigned to L. cf. albertii (pl. 26, fig. 7 ), L. albertii (pl. 26, fig. 9 ) and L. sp. (pl. 26, fig. 24 ). We note that all of these specimens closely resemble the type material of L. xijinwulanensis in having widely spaced and sharp radial ribs on the shell exterior, which is not found in any other species of Leptochondria (Wasmer et al. 2012) . A possible criterion for separating these forms on the species level could be the presence of commarginal riblets in 'L. albertii' and 'L. sp ' in Sha (1995) . However, our material and that described by Wasmer et al. (2012) suggests that this feature is very variable among specimens that are otherwise indistinguishable. This indicates that the development of commarginal ribs or riblets may rather reflect taphonomic and diagnetic effects as well as potential intraspecific variation and, thus, could not be considered as diagnostic criterion for species differentiation. We follow Wasmer et al. (2012) Discussion. This species is characterized by its circular outline and comparably few, robust, squamose radial ribs. We follow the revision of Broglio Loriga and Mirabella (1986) who suggested that Eumorphotis spinicosta is a junior synonym of E. hinnitidea. The similar species E. ericius is notably higher than long and has more ribs intercalated in two ranks. This is the first report of E. hinnitidea from Panthalassa, where it is confined to the lowermost Spathian. In the Tethys, this species has been observed in Smithian and Spathian strata Broglio Loriga and Mirabella (1986).
Ecology. As for E. beneckei. Material. Rarely recorded in samples TO-A-4, TO-A-5 and TO- B-5 Material. Recorded in relatively high numbers in sample SR-4. Description is based on all specimens shown in Fig. 12 .
Description. Shell equivalved, subrectangular in outline, considerably longer than high. Umbo almost terminal, strongly prosogyrate, with very small beak slightly projecting above dorsal and anterior margin. Dorsal and ventral margin straight and subparallel. Posterior margin rounded. Anterior margin truncated with small lunule. Straight carina running from the umbo towards the posteroventral corner of shell. Faint radial ridge on the posterio-dorsal part of the valves.
Discussion. We follow Ciriacks (1963) who suggested that all three species of 'Pleurophorus' (P. similis, P. bergeri and P. rotundus) represent the species of Permophorus bregeri (see also Hofmann et al. 2013a, for discussion). Given the considerable variability of P. bregeri, the material from the Sinbad Formation is best placed within this species. However, it is noted that the diagonal ridge in some specimens is slightly S-shaped (Fig. 12C) and that the specimens from the Sinbad Formation are somewhat more elongated. We note that the external morphology of this species is very similar to Middle Triassic Protopis Kittl, 1904, provisionally placed in the modiomorphoid family Healeyidae Hautmann, 2008 by Hautmann (2008 . Placement of Protopis in Permophoridae appears a possible alternative, depending on the presence or absence of a comparable hinge dentition, which is currently unknown in Protopis.
Ecology. Material. External mould of one left valve from sample DH-1-gs2.
Description. Valve well inflated, subelliptical in outline. Umbo wide, slightly prosogyrate, placed at the midst of dorsal margin.
Discussion. Generic identification is tentative due to the very few observable morphological criteria and the limited amount of material. However, the specimen is clearly distinguished by its broad umbo from other superficially similar forms such as the herein-described species of Unionites. The external morphology is similar to Middle Triassic species assigned to Unicardium (e.g. Unicardium schmidi Geinitz, 1842), in which it is provisionally placed. 
Material. One specimen from SR-4 (PIMUZ 30694).
Description. Material. Recorded in very low numbers in the lower part of the Sinbad Formation from samples TO-A-1, SR-1, SR-2 and SR-3. The description is based on specimen PIMUZ 30705.
Description. Turbiniform, relatively high-spired shell with deeply incised sutures. Whorls convex, somewhat angulated at or slightly above mid-whorl, moderately inflated with ramp.
Remarks. Given the poor state of preservation, identification of the material at hand is not unequivocal. The only genus reported from the Sinbad Formation by Batten and Stokes (1986), which agrees with the general shape and the presence of a subsutural ramp, is Chartronella.
Ecology. Chartronella sp. A is interpreted as an epifaunal detritus feeder. Description. Shell turbiniform, low-spired with convex inflated, somewhat shouldered whorls. Last whorl much higher than spire. Suture deeply incised. Periphery of mature whorls flattened. Aperture subcircular, oblique, somewhat higher than wide. Base phaneromphalous, possibly with umbilical plug.
Remarks. The present material consists of numerous specimens, which form a distinct species in the collection from beds DH-1-gs1 and DH-1-gs2. However, based on steinkerns, it is almost impossible to determine this species properly. It shares the general shape, the phaneromphalous condition and the form of the aperture with the neritimorph genus Laubopsis, which was originally described from the Late Triassic Cassian Formation of the Dolomites (Bandel 2007). Some of the present specimens seem to have an umbilical plug, which could also support a placement within neritimorphs. However, shells like this are also known from other gastropods such as naticids or certain vetigastropods.
Ecology. Epifaunal, probably grazers or detritus feeders.
Superfamily NERITOIDEA Rafinesque, 1815
Family NERITIDAE Rafinesque, 1815
Genus ABREKOPSIS Kaim, 2009
Abrekopsis cf. depressispirus (Batten and Stokes, 1986) Figure 14C cf. 1986 Naticopsis depresispirus n. sp., Batten and Stokes, p. 12, figs 11-13. cf. 2009 Abrekopsis depressispirus, Kaim, p. 150, fig. 140 . . The description is based on a well-preserved specimen from sample SR-3 (PIMUZ 30706).
Material. Fairly abundant in samples SR-1, SR-2, MV-2, DV-3, otherwise recorded in smaller numbers in samples SR-3 and TO-A-1 to
Description. Shell globose, egg-shaped, very low-spired. Whorls rounded, rapidly increasing, embracing most of the preceding whorls. Shallow suture. Faint prosocline growth lines.
Discussion. This form is probably conspecific with A. depressispirus (Batten and Stokes 1986; Kaim 2009 Material. Recorded with one specimen in sample SR-4 (PIMUZ 30707).
Description. Small depressed neritiform shell with rapidly expanding whorls and deeply incised suture. Ornamentation consists of prosocline, slightly prosocyrt axial ribs. First whorl and aperture not observed.
Remarks. This species was first described from the same locality by Batten and Stokes (1986) , which is also the only locality from which it has thus far been reported. Neritimorphs with prominent axial ribs are not very diverse in the Early Triassic. Only 'Natiria' costata is frequently observed in upper Werfen Formation of the Dolomites (N€ utzel 2005) . Bandel (2007) fig. 6C -E, I.
Material. Very common in samples DH-1-gs1, DH-1-gs2 and DH-1-9. The description is based on abundant steinkerns from the sample DH-1-gs2.
Description. Shell egg-shaped, varying from elongated to rather bulbous, low-spired with last whorl much higher than spire. Spire acutely conical. Whorls convex evenly rounded, embracing somewhat below suture. Suture distinct. Aperture tear drop-shaped, round anteriorly, acute posteriorly. Parietal lip convex. Columellar fold present, but rarely visible. Aperture probably with weak anterior canal. Growth lines more or less orthocline to slightly prosocyrt.
Remarks. The present material seems to be close to Strobeus batteni as described by Kaim et al. (2013) from the early Smithian of Pakistan. These authors also included material from the Sinbad Formation, which was described as Strobeus cf. paludinaeformis by Batten and Stokes (1986) . However, the assignment is somewhat tentative due to the steinkern preservation of the present material. There are broader, bulbous specimens (Fig. 14H) as well as somewhat more slender specimens (Fig. 14I ) present in our collection. We interpret this as intraspecific variability although it is possible that two species are present.
Ecology. Epifaunal to semi-infaunal, detritus or sediment feeders, microcarnivory possible. Remarks. Similar high-spired gastropods of the Early Triassic were traditionally assigned to the genus Coelostylina. However, most of the Early Triassic material assigned to Coelostylina is preserved as steinkerns and provides very few criteria to facilitate a precise genus and species identification. Accordingly, species tend to be lumped into poorly defined dustbin genera such as Coelostylina or Polygyrina (N€ utzel 2005) . The same is true for the material of the Sinbad Formation and the Thaynes Formation. The specimens observed in this study are very likely conspecific with 'Polgyrina' reported in Brayard et al. (2010) from the same bed as the specimen figured herein, but no systematic discussion accompanied that study. Coelostylina spe-cies b in Batten and Stokes (1986) from the Sinbad Limestone (San Rafael Swell) agrees well with our material and could be conspecific although it has a slightly larger apical angle. The Late Triassic type species of Coelostylina and Omphaloptycha are small-to medium-sized shells, which have a much lower spire than the present material, that is, the last whorl exceeds the spire height by far in both genera. Moreover, they have umbilical niches. The general shape of the present material is close to that of Polygyrina lommeli from the Late Triassic Cassian Formation where it is most abundant in autochthonous soft bottom communities or algal meadow assemblages (F€ ursich and Wendt 1977) . However, material with shell preservation is required for a precise taxonomic assignment.
Ecology. Polygyrina was an epifaunal detritus feeder.
Brachiopods by Richard Hofmann
Phylum BRACHIOPODA Dumeril, 1806 Class LINGULATA Goryansky and Popov, 1985 Order LINGUILIDA Waagen, 1895
Family LINGULIDAE Menke, 1828
Genus LINGULARIA Biernat and Emig, 1993 Discussion. Lower Triassic lingulids were traditionally (Bittner 1899; Newell and Kummel 1942) but also in more recent studies (Rodland and Bottjer 2001, Hofmann et al. 2013b ) placed in Lingula. Biernat and Emig (1993) pointed out that Palaeozoic and many Mesozoic 'Lingula' show marked internal differences to extant species of the genus, such as the shape of the posterior adductor muscle, the size of the lophophoral cavity and shorter ventral vascular lateralia. The state of preservation in our material does not allow identification of these features with certainty. However, the conspicuous, relatively deep paired grooves (Fig. 15A ) along the midline join at the posterior end of the shell and are suggestive of Lingularia because they imply the presence of a symmetrical heart-shaped adductor muscle scar diagnostic for this genus (Biernat and Emig 1993) . In Lingula, this structure is reduced to one lateral scar, which results in curved continuous pedicle grooves. Discussion. The specimens from the Thaynes Group agree well with figures and the description of 'Lingula' borealis (Bittner 1899; Newell and Kummel 1942), which has been included in the type species of Lingularia (L. similis) by Biernat and Emig (1993) . This allocation remains dubious because it was based on the fact that Bittner (1899) did not provide descriptions of criteria considered as diagnostic by Biernat and Emig (1993 assigned to S. huananensis. According to Peng and Shi (2008) , the diagnostic differences between Lingularia and Sinolingularia are the presence of separated dorsal anterolateral muscle scars and posteriorly extended pedicle grooves in the ventral valve. Our material does not allow a clear differentiation because the dorsal valves are too poorly preserved. However, because Biernat and Emig (1993) noted the close morphological similarity of the specimens of Newell and Kummel (1942) to L. similis, we prefer to include our material in Lingularia.
Lingularia borealis has been frequently reported from the Panthalassa margin (Bittner 1899; Rodland and Bottjer 2001; Shigeta et al. 2009 ). The prolific appearance of Lingularia in the aftermath of the end-Permian mass extinction has been linked to particular ecological conditions, environmental stress or a combination of both factors (Rodland and Bottjer 2001) . Lingularia is particularly abundant in the Griesbachian to Dienerian Dinwoody Formation (Rodland and Bottjer 2001) . Our studies (Hofmann et al. 2013a) suggest that the wide occurrence of L. borealis may be attributed to a combination facies effects and ecospace vacation, which enables eurytopic taxa such as Lingularia to thrive in habitats, which are inhabited by more specialized taxa during background times. Observations in the Dinwoody Formation indicate that L. borealis becomes rare or absent as soon as other taxa became established in benthic communities. This supports the hypothesis that the proliferation of Lingularia seems, besides certain facies effects, a real phenomenon that is attributed to a preceding extinction event. With respect to this consideration, it is interesting to note that L. borealis is exclusively recorded in lower Smithian strata in the investigated area, which could indicate that benthic ecosystems may have been affected by faunal decimation just before the initial Thaynes transgression.
Ecology. Based on the ecology of similar extant species of Lingula, L. borealis is interpreted as a shallow infaunal suspension feeder. Remarks. This species is exclusively observed from the Early Triassic of the western USA (Hoover 1979) . Very few terebratulide brachiopod species, on which Hoover (1979) gave a systematic overview, are known from the Early Triassic of the western USA. The material observed herein agrees very well with the features and figures of O. thaynesiana, which was originally introduced as T. thaynesiana by Girty (1927) . Although the internal morphology has not been figured in Girty (1927), we follow Hoover (1979) in suggesting that the material of Girty (1927) is conspecific with his specimens. A very similar form, P. smithi, was erected by Perry and Chatterton (1979) . This species probably differs from T. thaynesiana in being more equiconvex, having a weaker ventral fold, possessing a dorsal sulcus and lacking a medial plication. However, Girty (1927) noted that his T. thaynesiana is morphological highly variable. Unfortunately, he did not figure internal features, which are important for a correct identification. The internal features figured by Hoover (1979) refer to the paralectotype, and thus, it cannot be excluded that P. smithi and O. thaynesiana (sensu Girty 1927) are conspecific. If this is the case (1) P. smithi is an obsolete species, and (2) Obnixia takes priority over Protogusarella or vice versa. Both genera were erected in 1979, and it has to be worked out which one was published earlier.
Ecology. Obnixia thaynesiana was a pedunculate epifaunal suspension feeder.
PALAEOECOLOGY OF THE THAYNES GROUP AND SINBAD FORMATION
In the Smithian part of the Thaynes Group and Sinbad Formation, the most dominant benthic guilds (sensu Aberhan 1994) are shallow infaunal, epibyssate and endobyssate epifaunal (bivalves) suspension feeders as well as epifaunal grazers (gastropods). The gastropod Strobeus, which is locally abundant, probably represents an epi-to semi-infaunal carnivore. Free-lying suspension feeders (Pernopecten) are also present, but rare. Sinbadiella pygmaea was possibly an infaunal chemosymbiotic lucinid bivalve (Hautmann and N€ utzel 2005) . Although not recognized in this study, sponges as cementing suspension feeders became definitely established by Smithian times in the western USA (Brayard et al. 2011 ). Ophiuroids and asteroids, which are epifaunal carnivores or detritus feeders, were very rarely observed and were not recognized in samples contributing to the associations studied herein. However, microfacies analysis that is currently carried out (Vennin et al. in. prep.) demonstrates that they may be extremely abundant in thin sections. This adds up to 9 of 13 typically Mesozoic benthic guilds (Aberhan 1994). The ecological spectrum of the Spathian part of the Thaynes Formation (sections MV and CP) is the same with the only exception that crinoids and articulate brachiopods are locally abundant. Brachiopods are absent before the Spathian in the investigated sections. Faunal associations and assemblages are obtained by Qmode cluster analysis (Fig. 16) , which groups individual samples based on the occurrence and abundance of taxa within the data set. Seven associations and one assemblage (sensu F€ ursich 1984) are recognized in the Thaynes Group and the Sinbad Formation. These are characterized in the following paragraphs.
Unionites cf. canalensis association. This association (Fig. 17A) is represented by samples DV-1 and DV-2. The trophic nucleus comprises the species Unionites cf. canalensis, L. borealis and Eumorphotis mutliformis. Also recorded is the infaunal suspension feeding bivalve Unionites cf. fassaensis. Species richness is 3 in both samples. Dominance is moderate with D values ranging from 0.52 to 0.55. The ecological spectrum comprises epifaunal and infaunal suspension feeders. The rarefaction curve indicates that further sampling would not have significantly increased alpha-diversity of this association. Although the low number of samples and specimens impedes reliable statements, this association shows a very low alpha-and guild diversity, and it is confined to the lowermost Smithian interval of the investigated area.
Eumorphotis ericius association. This association (Fig. 17B ) comprises samples CP-2, CP-3, CP-5 and MV-10. The trophic nucleus involves E. ericius and E. mutliformis. The remaining species are Bakevellia cf. exporrecta, L. occidanea, Unionites cf. canalensis and Permophorus cf. bregeri. Sample species richness ranges from 1 to 5 (mean 2.75). Dominance ranges from 0.33 to 1 (mean 0.69). Guild diversity is 3 with epifaunal suspension feeding bivalves representing the main constituents. Semi-infaunal and infaunal bivalves play only a minor role, especially in terms of absolute abundance of guilds. The rarefaction curve indicates that the overall diversity of six species approximates expected diversity. The E. ericius association is most notably recorded in strata, which are early Spathian in age. Abundant occurrences of large E. ericius and E. multiformis, which form thick-bedded bioclastic limestones, were observed in all sections exposing strata of this time interval, which suggests that these species experienced a rapid expansion, at least in mid-and inner shelf habitats.
Bakevellia cf. exporrecta association. This association (Fig. 17C) is represented by samples CP-101, MV-4, MV-3, CP-4, MV-12, MV-7, CP-0, MV-9 and MV-3-2. Bakevellia cf. exporrecta constitutes its trophic nucleus. All other species (E. ericius, E. multiformis, E. hinnitidea, L. occidanea, N. laevigatus, Unionites cf. fassaensis, Promysidiella sp. A and Permophorus cf. bregeri) are recorded in very small numbers. Sample diversity ranges from 1 to 5 (mean 2.3). Dominance values range from 0.34 to 1 (mean 0.69). Guild diversity is 3 with epifaunal, semiinfaunal and infaunal suspension feeding bivalves recorded. Epifaunal bivalves dominate in terms of species per guild, whereas semi-infaunal bivalves clearly dominate in terms of abundance. The rarefaction curve indicates that the merged diversity of nine species is slightly lower than expected diversity. This association is limited to the lowermost Spathian in all sections where strata of this time interval are exposed.
Strobeus batteni association. The Strobeus batteni association (Fig. 17D ) comprises samples DH-1-gs1 and gDH-1-s2. The trophic nucleus includes Strobeus batteni and Laubopsis? sp. A. C. loczyi may be abundant. All other species (L. occidanea, Polygyrina sp. A and Unicardium sp. A) are rare. Sample diversity is 4-5 (mean 4.5), and dominance is 0.39-0.41 (mean 0.4). The trophic guild diversity is 4 with epifaunal grazers, carnivores and suspension feeders as well as infaunal suspension feeders that are balanced in terms of species per guild. In absolute abundances, infaunal suspension feeders are merely an accessory element. The overall diversity of six taxa seems to reflect the actual diversity as indicated by the rarefaction curve. This association is confined to an interval of the section DH-1, which exposes shales intercalated with thin limestone beds.
Leptochondria occidanea association. This association (Fig. 18A) is represented by samples CP-8, CP-7, CP-1, . The trophic nucleus is formed by L. occidanea. The second most common species is C. loczyi. All other species (L. borealis, Abrekopsis cf. depressispirus, Pernopecten sp. A, Bakevellia cf. exporrecta, F I G . 1 6 . Q-mode (samples) and R-mode (species) cluster analysis using the unweighted paired group algorithm and Morisita index of similarity. Classes of abundances (circle size) represent the quartiles of absolute abundance frequencies.
Leptochondria occidanea association
Eumorphotis ericius association
Confusionella loczyi association
L. xijinwulanensis and W. windowblindensis) are very rare. Sample diversity ranges from 1 to 5 (mean 2.4), and dominance values range from 0.66 to 1 (mean 0.89). Trophic guild diversity is 5, with free-lying, epifaunal, semi-infaunal and infaunal suspension feeders as well as epifaunal grazers. Whereas the species per guild spectrum is balanced, the absolute abundance pattern shows that epifaunal suspension feeding bivalves are overwhelmingly dominant in this association. The overall diversity of eight taxa slightly underestimates the expected diversity as 
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Confusionella loczyi association. This association (Fig. 18B) is recorded by samples TO-A-2, DH-1-0, DH-1-2, . The trophic nucleus is represented by C. loczyi. Also recorded but not particularly abundant are the species L. occidanea and Polygyrina sp. A. Accessory elements are the species L. xijinwulanensis, L. borealis, Promysidiella sp. A, Eumorphotis cf. beneckei, Abrekopsis cf. depressispirus and Strobeus batteni. Diversity ranges from 2 to 6 (mean 3.6). Dominance values range from 0.28 to 0.94 (mean 0.57). Trophic guild diversity is 4, with epifaunal and semi-infaunal suspension feeders being present in addition to epifaunal grazers and carnivores. Species guild diversity is balanced, but the epifaunal suspension feeders form the numerically dominating group. The well-levelled rarefaction curve indicates that the overall diversity of nine species in this association is close to the expected diversity. The C. loczyi association is predominantly recorded in outer shelf settings of section DH-1 and to far lesser extent in section TO-A. Promysidiella sp. A association. This association (Fig. 18C) The remaining species are very rare (Chartronella sp. A, L. xijinwulanensis, N. laevigatus, Bakevellia cf. exporrecta, Unionites cf. canalensis, S. pygmaea, Crittendenia sp. A, Unionites cf. fassaensis, E. multiformis, S. recuperator, N. costata). Sample diversity ranges from 2 to 10 (mean 6.1), and dominance values range from 0.24 to 0.67 (mean 0.47). Trophic guild diversity is 4 and involves epifaunal, semi-infaunal and infaunal suspension feeders, as well as epifaunal grazers. The species per guild diversity is balanced, whereas in terms of absolute abundance, epifaunal bivalves are clearly dominating. The well-levelled rarefaction curve suggests that the overall diversity of 17 species matches the expected diversity of this association. This association is largely confined to inner shelf habitats of the Sinbad Formation.
Spatial and temporal trends
The most notable pattern (Fig. 19) shown by the Smithian data is a distinction between inner and outer shelf communities with some overlap seen in mid-shelf settings. The Promysidiella sp. A association is exclusively found in strata deposited above the storm wave base. The C. loczyi association and the Strobeus batteni and the L. occidanea associations predominate in outer-and midshelf settings of the Confusion Range. The Unionites cf. canalensis association, found exclusively in the basal part of the section at Dog Valley, is recorded just above the oldest ammonoid beds (early Smithian) observed in the area, which could indicate a stratigraphic signal. Section DH-1 contains beds rich in benthic fauna from late early to latest Smithian. Faunal composition does not change over the recorded time span. The interfingering of the C. loczyi, Strobeus batteni and L. occidanea associations is most likely related to proximal-distal trends. The Strobeus batteni association is restricted to rhythmic fine-scale interbeddings of marly shales and limestones, which points to a more proximal position in an upper mid-shelf position. The other two associations are exclusively recorded in packstone and grainstone that occur within barren shale intervals, which are typical of mid-and outer shelf settings. Benthic communities were thus not affected by significant turnovers during the Smithian. Beds of Spathian age indicate a remarkable shift in faunal composition. As observed in all settings, there is a shift from typical Smithian association to associations that are dominated by Bakevellia cf. exporrecta and E. ericius. The latter seems to be more common in thick bioclastic limestones deposited in mid-and inner shelf facies. In the early Spathian, outer shelf deposits again contain the L. occidanea association.
In conjunction with the distribution of the associations (Fig. 19) , some trends in alpha-diversity (or sample richness per association) and dominance can be deduced with respect to facies (Fig. 20) and time (stratigraphic age). The Promysidiella sp. A association, which is predominantly observed in inner shelf settings, exhibits the highest mean and bulk diversity. All other associations have a much lower range of sample richness, a lower mean and overall diversity. The exceedingly higher overall diversity of the Promysidiella sp. A association may partly indicate some mixing of communities in the more heterogeneous inner shelf habitats. However, the fact that its species composition is reproduced relatively well in several samples (Fig. 16) suggests that this effect is of minor importance. The E. ericius assemblage dominates in lower Spathian inner shelf environments and is characterized by much lower diversity values. The Bakevellia cf. exporrecta association, which is predominantly recorded in Spathian outer shelf settings, also exhibits a low species diversity and high dominance value.
Trends in dominance values seem to be indistinct. Samples with high and low dominance values are essentially present over the whole stratigraphic and spatial range (Fig. 20) . The only notable pattern is that domi- nance increases in lowermost Spathian samples when compared to samples from the Smithian (Fig. 20) .
DISCUSSION
Earlier studies (Schubert and Bottjer 1995) suggested that recovery in benthic ecosystems did not start before the last stage of the Early Triassic (Twitchett and Wignall 1996) and that full recovery did not occur before the Middle Triassic (Schubert and Bottjer 1995) . However, there is now a growing body of evidence for at least incipient benthic recovery during the Early Triassic ( Krystyn et al. 2003; Shigeta et al. 2009; Kaim et al. 2010; Brayard et al. 2011; Hautmann et al. 2011 Hautmann et al. , 2013 Hofmann et al. 2011 ). In combination with previous studies on the Early Triassic of the western USA (Hofmann et al. 2013a, b) , new data presented herein enable a comprehensive reevaluation of the benthic recovery at the eastern margin of the tropical Panthalassa ocean. We outline and discuss below these data with respect to possible controls by intrinsic and extrinsic factors. et al. 2011) . This observation implies a relatively fast recovery during the Griesbachian, given the low richness and high dominance of faunas from the early Griesbachian. Communities of outer shelf settings have a poor record in the Dinwoody Formation and, where present, are mostly low in richness and high in dominance. This pattern could reflect harsh environmental conditions such as oxygen deficiency (Wignall and Hallam 1992) in the more distal settings or alternatively an onshore-offshore trend, with higher richness in more proximal settings (Jablonski et al. 1983; Miller 1988; Bottjer et al. 1996) , poor preservation and record or a combination of each of these factors.
A Dienerian crisis?
The upper part of the Dinwoody Formation is poorly constrained in terms of biostratigraphy. The presence of the bivalve species Claraia mulleri and Claraia stachei, which were recently correlated with ammonoid data (Ware et al. 2011) , suggests an age close to the Griesbachian-Dienerian boundary. Strata above this interval remain biostratigraphically unresolved, and the biostratigraphic context of the probable diachronous retreat of marine sedimentation in the Dinwoody basin is virtually unknown. Despite these uncertainties, strata above the last occurrence of C. mulleri and thus of a Dienerian age show a significant decline back to simple benthic communities in the Gros Ventre Canyon section (Hofmann et al. 2013a) . Data from Far East Russia (Shigeta et al. 2009) show the same trend with the highest benthic diversity observed in the upper Griesbachian and the lower Dienerian and a subsequent drop before a new diversification at the base of the Smithian. The significance of this signal in the western USA is unknown, but an overall review of species ranges in the Early Triassic of the western USA indicates a notable turnover between postGriesbachian and pre-Smithian strata in the western USA, with 13 of 19 species disappearing (Fig. 21) . Four of these species became extinct on a global scale. Some support for deleterious environmental conditions during the Dienerian is provided by environmental data. Ware et al. (2011) showed that anoxic conditions in open oceanic settings of eastern Panthalassa were confined to the Dienerian. The same environmental signal has been shown by means of geochemistry for mid-latitude settings of eastern Panthalassa (Grasby et al. 2012) . Palynofacies analysis confirms oxygen-restricted conditions for equatorial Tethyan successions of the Salt Range (Hermann et al. 2011) . A further hint of at least local environmental deterioration is indicated by the proliferation of the disaster brachiopod genus Lingularia, which may be locally abundant in stressed habitats or becomes widespread in normal marine habitats by expanding into vacant ecospace after large defaunation events (Rodland and Bottjer 2001) . Although Lingularia occurs throughout the Dinwoody Formation, it clearly dominates in the immediate aftermath of the extinction, but retreats in younger communities (Hofmann et al. 2013a) , with the exception of a short resurgence in the early Smithian of the study area. In all but these two time intervals of the Early Triassic, Lingula is absent or very rare in the western USA. This pattern seems to support the hypothesis that environmental conditions deteriorated during or before the lowermost Smithian.
In summary, a comparison between the Dinwoody Formation and the Thaynes Group in combination with data from other regions suggests that the Dienerian was likely a time of crisis for benthic communities, although direct information is absent due to the lack of marine strata in the western USA.
The Smithian
Data presented in this paper show that faunas were ecologically and taxonomically relatively stable throughout the Smithian substage. Correlation of the benthic associations with the ammonoid zonation (Figs 19, 20) indicates that variations in diversity, dominance, ecological and taxonomic composition are independent of their chronostratigraphic context. The only discernible trend is observed in the spatial distribution of communities. More diverse and balanced assemblages are confined to inner and mid-shelf habitats of the Sinbad Formation. Accordingly, an onshore-offshore diversity trend, which is already seen in the Dinwoody Formation (Hofmann et al. 2013a) , continues in the Thaynes Group and the Sinbad Formation. The mean alpha-diversity as well as overall diversity of the Smithian associations is higher than in the Griesbachian and the Dienerian. The stratigraphic range of species (Fig. 21) shows that this rise is related to the establishment of species (18 of 24) that were not recorded in the Dinwoody Formation. It is unlikely that all of these species evolved in the course of Smithian in this area. We therefore assume that the transgression during the early Smithian produced a more open marine shelf setting in comparison with the Dinwoody Formation, which promoted immigration of species, as previously suggested by Schubert and Bottjer (1995) . This observation is further supported by the fact that ammonoids were virtually absent in the study area until the Smithian.
The late Smithian witnessed a dramatic and global decline in ammonoid diversity, which is also well documented in rocks in the western USA (Brayard et al. 2009) . Romano et al. (2013) recently demonstrated that this crisis is associated with large-scale fluctuations in the oxygen isotope record, which indicates dramatic climatic change across the Smithian substage. These fluctuations ranged from presumably temperate conditions during the early Smithian, hot conditions during the middle Smithian and dramatic cooling during the late Smithian. Evidence for a benthic crisis is scarce. On a global scale, bellerophontoid gastropods became virtually extinct during the Smithian. They were diverse and globally distributed in Lower Triassic formations prior to the Spathian (Kaim and N€ utzel 2011). Only one younger occurrence of the bellerophontoid Dicellonema is reported from the Anisian of Tibet (Y€ u 1975) , but remains controversial (see Kaim et al. 2013 for discussion) . However, in the data from the Thaynes Group, there is no indication that the nekton crisis had an equivalent in benthic ecosystems. Samples from the ammonoid extinction interval (i.e. the Anasibirites Zone) are not notably different in taxonomic composition, ecological structure, diversity or dominance (Fig. 20) . To test whether benthic ecosystems suffered from any type of stress during the terminal Smithian, a comparison with samples from the Spathian is necessary.
A Smithian-Spathian boundary event?
Examined strata occur notably below the oldest Spathian ammonoid zone recognized by Guex et al. (2010) The bloom of the E. ericius association is observed in all sections described. We herein refer to this bloom as the 'Eumorphotis bioevent', which may be of stratigraphic value for intrabasinal correlations. In contrast to the Dienerian-Smithian transition, there is however, no genus that actually went extinct at the Smithian-Spathian boundary. The shift in taxonomic composition of the benthic associations is not predominantly generated by the origination or immigration of new taxa, but by the increasing abundance of previously rare species. The majority of species that apparently disappeared in the lowermost Spathian belong to newly evolved or rangethrough lineages that have a rich record later in the Triassic. Despite high dominance values and reduced species richness, there is thus no evidence for extinction of benthic taxa during this time interval.
The Spathian
Data from the late early Spathian Virgin Formation indicate that richness and ecological diversity of benthic faunas significantly increased in comparison with the Smithian. This is reflected by the high alpha-diversity, high guild diversity and the generally more diverse ecological spectrum (Hofmann et al. 2013b) as well as by the high overall diversity (Hautmann et al. 2013) . In terms of diversity and guild structure, the Virgin Fauna is actually more similar to Anisian benthic faunas than to any preSpathian fauna (McGowan et al. 2009; Hofmann et al. 2013b) . Contrary to previous reports (Pruss and Bottjer 2004; Mata and Bottjer 2011) , recent geochemical and palaeoecological data (Marenco et al. 2012) suggest that the strata of the Virgin Formation did not accumulate under oxygen-restricted conditions. This view is well supported by the faunal analysis of Hofmann et al. (2013b) . The base of the Spathian, which has been sampled in the Thaynes Group only (this study), is taxonomically and ecologically less diverse than the benthic communities of the Virgin Formation. This difference may be partly due to more advanced recovery in the slightly younger Virgin Formation, but it also appears possible that the main cause is an onshore-offshore trend with higher diversities occurring more proximally (i.e. in the Virgin Formation), as already observed in the Griesbachian-Dienerian and Smithian. In addition, there are fewer samples from the Spathian Thaynes Group than from the Virgin Formation, which possibly adds a bias when data are directly compared. A preliminary comparison with data from the western tropical Tethys (Hofmann et al. 2013b and references therein) suggests a significant interregional early Spathian recovery pulse.
Patterns in alpha-and beta-diversity
Eurytopicity has frequently been cited as a typical trait of Early Triassic faunas (Schubert and Bottjer 1995) and was usually interpreted as evidence for ongoing environmental stress (Boyer et al. 2004; Pruss and Bottjer 2004; Mata and Bottjer 2011 ). An alternative explanation has been proposed by Hofmann et al. (2013a, b) , who suggested that reduced competition after the end-Permian mass extinction allowed species to exploit virtually the full range of their fundamental niches until competition exceeded a certain threshold. Accordingly, the prediction was made that an increase in within-habitat diversity (alpha-diversity) precedes an increase in between-habitat diversity (beta-diversity) during rediversifications from mass extinction events (Fig. 22A ). This explanation accounts for the conflicting observations of (1) a relatively advanced ecological recovery and high within-habitat diversity (alpha-diversity) contrasted by (2) the eurytopic character of most species, expressed in ongoing low beta-diversity. Assuming that the contribution of beta-diversity to global biodiversity is higher than the contribution of alpha-diversity (Holland 2010), this model may also account for the accelerated increase in interregional diversity in post-Early Triassic times (rebound sensu Sepkoski 1998). The underlying rationale is that the major increase in diversity occurs when competition fosters speciation events by differential adaption of species along environmental gradients, thereby increasing betadiversity.
Our data from the Lower Triassic of the western USA allow the predictions of the model for the first recovery phase to be tested. This is documented in three consecutive time slices: the Griesbachian -?lower Dienerian of the Dinwoody Formation (Hofmann et al. 2013a) , the Smithian Thaynes Group (this paper) and the Spathian part of the Thaynes Group (this paper) together with the late early Spathian Virgin Formation (Hofmann et al. 2013b) . These data confirm the model prediction that alpha-diversity increases during the first phase, whereas beta-diversity remains stable (Fig. 22B) . The somewhat lower beta-diversity of the Virgin Limestone is most likely due to the much shorter time interval and smaller outcrop area of the Spathian samples. Further work is necessary to confirm: (1) whether the post-Early Triassic diversification of marine invertebrates is associated with an increase in beta-diversity, whereas average alpha-diversity remained stable; and (2) whether the postrecovery level of betadiversity is comparable to pre-extinction times.
CONCLUSIONS
In addition to the description of the benthic palaeoecology of the Thaynes Group and the Sinbad Formation of the western USA, we have presented a revised interpretation of the recovery from the end-Permian mass extinction at the tropical eastern Panthalassa margin. The succession of faunas and palaeoecological parameters suggests that benthic ecosystems probably suffered from environmental perturbations during parts of the Dienerian, but not from long-lasting deleterious conditions during the entire Early Triassic. The late Smithian-Spathian transition might have been another time of environmental stress, which however had no long-term effect on benthic ecosystems. Notable restoration signals are recorded in shallow shelf settings during the late Griesbachian to early Dienerian, the Smithian and the early Spathian. Diversity of outer shelf communities remains rather low throughout the studied time interval. We interpret this to represent a general proximal-distal trend that reflects an evolutionary delay of rediversification in distal settings compared with more proximal settings where evolutionary innovations are concentrated (cf. Jablonski et al. 1983; Miller 1988) . The wide environmental range of taxa probably relates to a nonactualistic low degree of competition in Early Triassic ecosystems. We conclude that the Early Triassic recovery pattern of benthic ecosystems was largely driven by intrinsic dynamics of low-competition ecosystems and short-lived environmental perturbations.
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